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BACKGROUND: Evidence of the negative impacts of contemporary use insecticides on sperm concentration has increased over the last few decades;
however, meta-analyses on this topic are rare.
OBJECTIVES: This investigation assessed the qualitative and quantitative strength of epidemiological evidence regarding adult exposure to two classes
of contemporary use insecticides—organophosphates (OPs) and N-methyl carbamates (NMCs)—and sperm concentration using robust and reproduci-
ble systematic review and meta-analysis methods.

METHODS: Three scientific databases (PubMed, Scopus, and Web of Science), two U.S. government databases (NIOSHTIC-2 and Science.gov), and
five nongovernmental organization websites were searched for relevant primary epidemiological studies published in any language through 11 August
2022. Risk of bias and strength of evidence were evaluated according to Navigation Guide systematic review methodology. Bias-adjusted standar-
dized mean difference effect sizes were calculated and pooled using a three-level, multivariate random-effect meta-analysis model with cluster-robust
variance estimation.
RESULTS: Across 20 studies, 21 study populations, 42 effect sizes, and 1,774 adult men, the pooled bias-adjusted standardized mean difference in
sperm concentration between adult men more- and less-exposed to OP and NMC insecticides was −0:30 (95% CI: −0:49, −0:10; PSatt < 0:01).
Sensitivity and subgroup analyses explored statistical heterogeneity and validated the model robustness. Although the pooled effect estimate was
modified by risk of bias, insecticide class, exposure setting, and recruitment setting, it remained negative in direction across all meta-analyses. The
body of evidence was rated to be of moderate quality, with sufficient evidence of an association between higher adult OP and NMC insecticide expo-
sure and lower sperm concentration.

DISCUSSION: This comprehensive investigation found sufficient evidence of an association between higher OP and NMC insecticide exposure and
lower sperm concentration in adults. Although additional cohort studies can be beneficial to fill data gaps, the strength of evidence warrants reducing
exposure to OP and NMC insecticides now to prevent continued male reproductive harm. https://doi.org/10.1289/EHP12678

Introduction
Studies conducted across a wide range of populations have found
significant decreases in average sperm concentrations over the last
century,1–6 and the prospect of further declines threatens population-
wide indicators of male fecundity.7,8 Oligospermia (low sperm con-
centration), in isolation or in concert with other abnormal semen pa-
rameters, is commonly used to diagnose idiopathic male factor
infertility.9,10 Oligospermia is diagnosed by semen analysis using

the World Health Organization (WHO) lower reference limit of
<16million spermatozoa/mL of semen, which in 2021 represented
the fifth percentile of sperm concentration among fertile men.11,12

Low sperm concentration is also associated with general indicators
of reduced male health,13,14 including higher rates of cancer,15,16

chronic comorbidities,17,18 and all-causemortality.19,20
Causes of low sperm concentration are not fully known, but im-

portant risk factors include age,21 nutrition and lifestyle factors,22

and exposure to reproductive toxicants in the environment, particu-
larly endocrine disrupting chemicals (EDCs).23 Reproductive toxi-
cants are ubiquitous in the environment, and usually go unnoticed
until unintended adverse effects are observed. Pesticides are a
prime example in that pesticides have known endocrine disrupting
and reproductive effects24,25 but continue to be manufactured and
widely applied, resulting in occupational and environmental expo-
sures.26,27 Although the intention of pesticide application is to tar-
get pests, pesticides can also induce acute and chronic toxicity in
nontarget species, including reproductive harm in humans.28

In the latter half of the twentieth century, growing concerns
about the persistence and bioaccumulation of organochlorine insec-
ticides led to the adoption of less-persistent compounds, including
organophosphate (OP) and N-methyl carbamate (NMC) insecti-
cides.29 OP and NMC insecticides are characterized as cholinester-
ase inhibitors because of their shared principal mechanism of
toxicity—the inhibition of cholinesterase enzymes that hydrolyze or
degrade important neurotransmitters, including acetylcholine.30 As
such, cholinesterase activity is a well-accepted biomarker of OP and
NMC insecticide exposure and effect in humans.30–32

Prior qualitative reviews have reported deleterious associa-
tions between environmental and occupational pesticide exposure,
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including OP and NMC compounds, and sperm concentration33–36;
however, meta-analyses on this topic are rare. Based on decades of
studies of the negative impacts of contemporary use insecticides on
sperm concentration and the lack of relatedmeta-analyses, the objec-
tive of this investigationwas to assess the qualitative and quantitative
strength of epidemiological evidence regarding adult exposure to
two classes of contemporary use insecticides—OPs and NMCs—
and sperm concentration using robust and reproducible systematic
review andmeta-analysismethods.

Methods

Systematic Review Methodology
This systematic reviewwas performed according to the Navigation
Guide, a validated systematic review methodology designed to
evaluate the quality and strength of evidence in the context of envi-
ronmental and reproductive health.37–39 Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) 2020
reporting guidelines were also followed (Table S1).40

A review team with expertise in environmental and reproductive
epidemiology, pesticide exposure assessment, semen analysis, and
systematic reviewwas assembled in October 2020. Prior to initiating
the literature search in late November 2020, the review team devel-
oped a protocol to prespecify key elements of the project, including
search methods, study selection criteria, study screening criteria,
data extraction forms, risk of bias domains, statistical analysis plans,
quality of evidence factors, and strength of evidence factors.

The protocol was adapted from the protocol for Navigation
Guide Case Study #5 on polybrominated diphenyl ethers (PBDEs)
and human neurodevelopment.41 Although the protocol was not
formally published, the original protocol with amendments made
during the review is available on GitHub (https://github.com/
Lauren-Ellis/Ellis-et-al.-2023-OP-NMC-Insecticides-and-Sperm-
Concentration).

As discussed in the protocol, the research team narrowed the
review to OP and NMC insecticides given a) both are contempo-
rary use insecticides, b) evidence of shared exposure measurement
through cholinesterase monitoring, and c) the wealth of studies
available to assess.

Study Question
This sytematic review and meta-analysis sought to answer the
research question “What is the association between adult expo-
sure to OP and NMC insecticides and sperm concentration?” The
review team developed a Population, Exposure, Comparator,
Outcome (PECO) statement42 to guide the study search and
selection process:

• Population: adult human males (≥18 years of age)
• Exposure: OP and NMC insecticides; occupation-based, self-
report, proxy or biomonitoring assessment methods; docu-
mented, measured, or estimated exposure directly in study
subjects; occupational or environmental exposure settings;
non-acute exposure contexts

• Comparator: non- or less-exposed adult human males (≥18
years of age)

• Outcome: sperm concentration (operationally defined as mil-
lions of sperm per milliliter of semen) measured on a contin-
uous or dichotomous scale (i.e., clinical diagnosis of low
sperm concentration, or oligospermia)

Evidence Selection
Literature search strategy. Three scientific databases (PubMed,
Scopus, and Web of Science), two U.S. government databases
(NIOSHTIC-2 and Science.gov), and five nongovernmental

organization (NGO) websites [Beyond Pesticides (https://www.
beyondpesticides.org/home), National Pesticide Information Center
(http://npic.orst.edu/), Pesticide Action Network North America
(https://www.panna.org/), Collaborative for Health & Environment
(https://www.healthandenvironment.org/home), and Environmental
Working Group (https://www.ewg.org/)] were searched for relevant
primary epidemiological studies published in any language through
11 August 2022. Scientific databases were searched five times
throughout the duration of the review,whereas government databases
were searched four times throughout the duration of the review. See
Table S2 formore detail.

Search terms based on the Medical Subject Headings database
from Knapke et al.36 were used to search scientific databases.
These search terms were simplified to search government data-
bases and NGO websites. Database search terms are presented in
Table S2 and NGO website search strategies are presented in
Table S3.

Scientific database search results were imported into the sys-
tematic review management software Covidence (https://www.
covidence.org), where duplicate records (titles and abstracts)
were automatically and manually removed prior to screening.
The lead review author (L.B.E.) also hand-searched government
database and NGO website search results to capture studies that
may have been missed. The reference lists of all reports (full-text
journal articles, government reports, or other documents supply-
ing relevant information about a particular study or studies)
assessed for eligibility were also hand-searched. Titles deemed
potentially relevant during hand-searching were recorded,
checked against the existing Covidence database, and, if unique,
imported into Covidence for screening.

Study selection. Primary epidemiological studies that examined
the association between adult OP, NMC, or combined OP and
NMC insecticide exposure and sperm concentration were consid-
ered eligible for inclusion in this review. Studies published in any
language other than English were accepted and translated to English
using Google Translate prior to screening. A diverse range of study
designs, geographies, and exposure scenarios were accepted.
Studies that examined exposures that occurred before adulthood or
in someone other than the study participant, acute exposure events
(e.g., chemical warfare or industrial accidents), other chemical
exposures, and other sperm-related outcomes were excluded from
consideration.

Study selection took place in three sequential screening stages
according to predefined inclusion and exclusion criteria: a) title
and abstract screening, b) full-text screening, and c) OP and
NMC insecticide screening. The title and abstract and full-text
screening stages aimed to identify studies that examined the asso-
ciation between any type of pesticide exposure and sperm con-
centration (Table S4), whereas the OP and NMC insecticide
screening stage aimed to identify studies that examined the asso-
ciation between OP, NMC, or combined OP and NMC insecti-
cide exposure and sperm concentration (Table S5). All reports
assessed for eligibility during full-text screening were catego-
rized in Covidence according to pesticide class, which facilitated
the OP and NMC insecticide screening stage. Only studies that
met the full-text screening criteria and examined an OP, NMC, or
combined OP and NMC insecticide exposure were included in
this review (Table S5).

Two review authors (L.B.E. and K.M., screeners) independ-
ently screened all retrieved records and reports according to
predetermined criteria. Screeners resolved discrepancies via
discussion and consulted other review authors (C.R.R., M.F.,
M.J.P.) as needed. If a record was inaccessible, screeners com-
pleted a brief online search before screening according to the
title, erring on the side of overinclusion at the title and abstract
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screening stage. If a report was inaccessible, the lead review
author (L.B.E.) contacted study authors via email to request
access to the report. Study screening results are presented in a
PRISMA flow diagram (Figure 1).

Data extraction. Two review authors (L.B.E. and K.M., data
extractors) independently extracted study characteristics (e.g.,
study design, exposure and recruitment setting, exposure assess-
ment method) and meta-analysis eligibility factors (e.g., statisti-
cal transformations) from all studies included in the systematic
review. Quantitative study results (e.g., measures of association
or “effect sizes”) were extracted from studies included in the
meta-analysis. If multiple reports on the same study population
reported on identical analyses, they were considered to be sepa-
rate reports on the same study and were consolidated as a single
study prior to data extraction. If multiple reports on the same
study population reported on different analyses, they were con-
sidered to be separate studies on the same study population and
were not consolidated prior to data extraction. The complete data
extraction form, including amendments and clarifications, is pre-
sented in Table S6. Study characteristics, meta-analysis eligibil-
ity factors, and study results are presented in tabular format.
Standardized results from studies included in the meta-analysis
are shown in a forest plot, whereas results from studies excluded
from the meta-analysis are summarized in the text.

Results from all relevant exposure definitions, doses, and
sampling time periods were included. If a study reported multiple
effect size indices (i.e., mean difference, odds ratio, correlation)
on the same exposure and outcome relationship, the most
adjusted effect size index was extracted. For studies that reported
more than one most adjusted effect size index, the most com-
monly reported effect size index across the body of evidence was
extracted in an effort to reduce the number of statistical effect
size transformations required. Detailed instructions on methods
for choosing which effect size(s) to extract from each study are
presented in the data extraction form (Table S6C).

The data extraction form was piloted on three randomly
selected studies to increase extractor consistency and address
nuances in the data extraction form. Discrepancies in the extracted
data were discussed and resolved via data extractor discussion;
other review authors (C.R.R., M.F., M.J.P.) were consulted as
needed. The data extractors then independently performed a qual-
ity control (QC) check by reviewing the extracted data (including
resolved discrepancies) for accuracy. Any adjustments considered
during the individual QC effort were recorded, discussed, and final-
ized. The lead review author (L.B.E.) contacted corresponding
study authors via email to retrieve data needed for meta-analysis,
including data needed to back-transform log-scale effect sizes and
missing results data.

Risk of Bias Assessment
Consistent with the Navigation Guide, the following eight risk of
bias domains were assessed for each study included in the sys-
tematic review: recruitment strategy, blinding, exposure assess-
ment, outcome assessment, confounding, incomplete outcome
data, selective outcome reporting, and conflict of interest.38,39,43

These risk of bias domains are based on those from the Cochrane
Collaboration44 and the Agency for Healthcare Research and
Quality,45 as well as suggestions to consider conflict of interest in
the Cochrane risk of bias tool.46 Risk of bias ratings and ration-
ales are reported in tabular format in the supplemental materials.
This data was used to create study-specific and summary-level
data visualizations on Microsoft Excel (version 16.73), which are
included as figures in the main text. The summary-level figure
was generated by calculating the frequency of each risk of bias

rating for each domain and visualizing the frequency data in a
horizontal bar chart.

The review team adapted the risk of bias assessment criteria
used in Lam et al.41 to the research question at hand (Table S7).
Possible ratings were low, probably low, probably high, or high
risk of bias for the following domains: recruitment strategy,
blinding, exposure assessment, outcome assessment, and incom-
plete outcome data. The review team determined that the rating
option probably high was not applicable for the selective out-
come reporting and conflict of interest domains (Table S7, in the
section “Clarifications made during pilot”); thus, the three rating
options for these two domains were low, probably low, and high.
Finally, risk of confounding bias was rated on a dichotomous
scale as either low or high based on whether the study accounted
for age and smoking. The review team identified only age and
smoking as strict confounders based on consistent evidence of
their association with both the exposure and outcome of interest.

Two of seven possible risk of bias assessors [four review
authors (L.B.E., K.M., C.R.R., M.F.) and three review contributors
(D.P.M., S.A., E.G.)] independently assessed each included study
for risk of bias according to prespecified risk of bias criteria (Table
S7). Discrepancies in risk of bias domain ratings were resolved by
a third independent assessor (one of seven possible assessors listed
above) and discussed as a group as needed. A training session was
held before initiating the risk of bias assessments to review and
clarify nuances in the risk of bias criteria. Following the training,
all risk of bias assessors completed three pilot studies before inde-
pendently assessing studies for risk of bias. The prespecified risk of
bias criteria was available as a reference to assessors during risk of
bias assessments in an effort to improve inter-assessor consistency.
The overall risk of bias across the body of evidencewas determined
according to quality of evidence criteria adapted from the
Navigation Guide (Table S9, in the section “Risk of bias across
studies”). Study authors were not contacted for additional informa-
tion to inform the risk of bias assessments.

Statistical Methods
Effect size index chosen for synthesis. Bias-adjusted standardized
mean difference (Hedges’ g) was used as the effect size index for
synthesis. Hedges’ g represents the mean difference in sperm con-
centration between adult men more- and less-exposed to OP and
NMC insecticides on a standardized scale in units of pooled stand-
ard deviations, corrected for small-sample bias.47 The term effect
size is used generally to characterize the outcome measure used for
the meta-analysis, consistent with the meta-analysis literature,47 and
does not necessarily indicate a causal effect.

Hedges’ g was chosen as the effect size index for synthesis
because a) the measure required the least amount of statistical
effect size transformations, given that mean difference in sperm
concentration between more- and less-exposed men was the most
commonly reported effect size index among included studies; and
b) the measure enabled the pooling of dichotomous and continuous
effect sizes (e.g., mean difference and odds ratio) in the samemeta-
analysis.47,48 For studies that measured the mean difference
between more- and less-exposed men, the review team relied on
the primary study authors’ exposure group designations, irrespec-
tive of the statistical significance of examined differences in expo-
sure levels between exposure and comparator groups, if applicable.
Study-specific Hedges’ g effect sizes are presented in a forest plot,
whereas pooled Hedges’ g (GPooled) estimates are presented in tab-
ular format. To generate the forest plot, study-specific Hedges’ g
effect sizes were exported from R and imported into Tableau
Public (version 2022.4.0) for visualization.

Guidance from Bakker et al.49 was used to interpret the mag-
nitude of the GPooled estimate in the context of the study question
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rather than relying solely on commonly used benchmark values
(0.2, small; 0.5, medium; 0.8, large).50 In the context of envi-
ronmental and reproductive health, the review team considered
a GPooled value >0:5 or a difference in sperm concentration
equal to one-half of the sample-specific pooled standard devia-
tion to be large enough to warrant an upgrade in the quality of
evidence. Despite this, magnitudes of effect below this cutoff

may still be significant from a population health perspective as
a result of widespread global use of and exposure to OP and
NMC insecticides.27

Meta-analysis eligibility. Study-reported results were eligible
for inclusion in themeta-analysis if a Hedges’ g effect size could be
calculated on the raw scale. Studies were excluded from the meta-
analysis if a) results were not reported quantitatively as a result of

Figure 1. PRISMA flow diagram of the identification, screening, and selection of studies on adult organophosphate (OP) and N-methyl carbamate (NMC)
insecticide exposure and sperm concentration. “Record” refers to a title and abstract. “Report” refers to a full-text journal article, government report, or
other document supplying relevant information about a particular study or set of studies. See Table S2 for literature search terms and search dates, Table S3
for NGO search strategies, Table S4 for full-text (all pesticides) screening criteria, and Table S5 for OP and NMC insecticide screening criteria. Regarding
“Reports sought for retrieval,” see Excel Table S1 for a complete list of records sought for retrieval and their final inclusion decision and rationale. Note:
PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.

Environmental Health Perspectives 116001-4 131(11) November 2023



selective outcome reporting, b) Hedges’ g could not be calculated,
or c) results were reported on a statistically transformed scale that
could not be back-transformed to the raw scale (Table S8).

Data preparation. Mean difference data. The standardized
mean difference (Cohens’ d) was calculated from study-reported
mean difference (MD) data according to Equations 1 and 2,47,51

where MD is the difference in the unadjusted or adjusted mean
sperm concentration between two independent groups, SPooled is the
within-group standard deviation pooled across groups, n1 and n2 are
the sample sizes in the two groups, and S1 and S2 are the unadjusted
or adjusted standard deviations in the two groups (with 1 and 2 rep-
resenting themore- and less-exposed groups, respectively):

d=
MD
SPooled

, ð1Þ

SPooled =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1 − 1ð ÞS21 + n2 − 1ð ÞS22

n1 + n2 − 2

s
: ð2Þ

In Equation 1, MD is either the difference in the unadjusted
or adjusted sample means of independent two groups (MD=
Mean1 −Mean2) or a beta coefficient from a linear regression
model with a binary independent variable that represents expo-
sure group membership (binary beta coefficient).

The variance of d (Vd) was calculated according to Equation 3,47,51
and the standard error of d (SEd) was calculated by taking the
square root of Vd, so that SEd =

ffiffiffiffiffi
Vd

p
47:

Vd =
n1 + n2
n1n2

+
d2

2 n1 + n2ð Þ : (3)

Generally, the standard error (SE) of a given effect estimate
was calculated according Equation 4,52 where EstimateUpper is
the upper bound and EstimateLower is the lower bound of the 95%
confidence interval (CI) around the estimate and Z is the z-value
for a 95% CI, equal to 1.96:

SEi =
EstimateiUpper −EstimateiLower

2Z
: (4)

In Equation 2, unadjusted or adjusted sample standard devia-
tions were either directly reported or calculated by multiplying the
sample SE by the square root of the sample size of the group, so
that Si = SEi

ffiffiffiffi
ni

p
.52 When dealing with adjusted mean difference

data, unadjusted standard deviations were used to calculate SPooled
where possible, given that this is recommended for calculating
partial standardized mean differences.47,51 Unadjusted standard
deviations were sought from authors but were not required for
inclusion in the meta-analysis. Of the six studies (with one study
having three reports) included in the meta-analysis that reported
adjusted mean difference data,53–60 unadjusted standard deviations
were available for two studies.54,57,58,60

If sample standard deviations or standard errors were not
reported or calculable, Equation 553,51 was used to calculate d,
where t is the t-statistic associated with a t-test comparison of
groupmeans or a binary beta coefficient:

d= t
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1 + n2
n1n2

r !
: (5)

t was calculated as either the absolute value of the mean difference
(MD) divided by its standard error (SEMD), so that tMD =MD=SEMD,
or from the t distribution table,52 so that t= tinvðP, df Þ, where P is
the exact p-value of the effect estimate, df is the degrees of freedom

(n− p− 1),51 p is the number of predictors, and n is the total sample
size. After calculating d using Equation 5, Vd was derived according
to Equation 3.

When dealing with adjusted mean difference data using the
t-statistic approach in Equation 5, it is recommended to multiple
d by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−R2

YZ

p
, as well as to integrate R2

YZ into the calculation
of Vd to attempt to restore the original unadjusted standard devi-
ation, which is reduced by the inclusion of one or more covari-
ates in the regression model.47,51 The term R2

YZ represents the
proportion of explained variance in the regression model that
includes one or more covariates, but excludes the grouping vari-
able.51 R2

YZ values were sought from authors but were not required
for inclusion in the meta-analysis. R2

YZ values were not available in
any the studies included in the meta-analysis.

If mean difference data was provided on the logarithmic (log)
scale, Equations 6 and 7 were used to convert a difference in
means on log scale (MDLog ) to an approximate difference on the
raw scale (MDRaw),61 where �xgeom is the geometric mean of the
geometric means across groups (equivalent to the exponential of
the arithmetic mean of the means of log-transformed values) and
MDLog and SEMDLog are the mean difference and its standard error
from log-transformed values.61 This was done for two studies
included in the meta-analysis62,63:

MDRaw =MDLog × �xgeom, ð6Þ

SEMDRaw = SEMDLog × �xgeom: ð7Þ
SEMDLog was calculated according to Equation 8, where

MDLogUpper is the upper bound and MDLogLower is the lower bound
of the 95% CI around the log scale estimate and Z is the z-value
for a 95% CI, equal to 1.96:

SEMDLog =
MDLogUpper −MDLogLower

2Z
: (8)

If neither group-level standard deviations nor the t-statistic were
reported or calculable, missing group-level standard deviations
were imputed with the average of the available group-level stand-
ard deviations in each of the exposure groups. This imputation
was done for one study included in the meta-analysis.63

Odds ratio data. Odds ratios (ORs), either unadjusted or
adjusted (i.e., a beta coefficient from a multiple logistic regres-
sion model, or logistic beta coefficient), and their log variances
[VlnðORÞ] were transformed to standardized mean differences (d)
and variances of d (Vd) according to Equations 9 and 10,47 where
ln is the natural log (base e) and VlnðORÞ is the natural log variance
of the OR:

d=
ln ORð Þ ffiffiffi

3
p

p
, ð9Þ

Vd =
3Vln ORð Þ

p2
: ð10Þ

Where appropriate, Equation 9 was multiplied by –1 to ensure
d reflects the correct direction of effect,47 so that d is negative
where the OR input is >1, representing higher odds of having
low sperm concentration, and d is positive where the OR input is
<1, representing lower odds of having low sperm concentration.

If not directly reported, ORs were calculated from exposure
and outcome prevalence data provided in the study using formu-
las presented in Borenstein and Hedges.47 Specifically, OR was
calculated as OR=AD=BC, where A is the number of exposed
(or more-exposed) men with low sperm concentration, B is the
number of exposed men without low sperm concentration, C is
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the number of unexposed (or less-exposed) men with low sperm
concentration, and D is the number of unexposed men without
low sperm concentration. VlnðORÞ was then calculated according
to Equation 1147:

Vln ORð Þ =
1
A
+

1
B
+

1
C

+
1
D
: (11)

For studies that directly reported ORs, including in the form
of a logistic beta coefficient, VlnðORÞ was calculated according to
Equation 12,47 where ORUpper is the upper bound and ORLower is
the lower bound of the 95% CI around the estimate and Z is the
z-value for a 95% CI, equal to 1.96:

Vln ORð Þ =
ORUpper −ORLower

2Z

� �2

: (12)

Correlation data. Correlations (r) and the variances of r (Vr)
were transformed to standardized mean differences (d) and the
variances of d (Vd) according to Equations 13 and 1447:

d=
2rffiffiffiffiffiffiffiffiffiffiffiffi
1− r2

p , ð13Þ

Vd =
4Vr

1− r2ð Þ3 : ð14Þ

Vr was approximated according to Equation 15,47 where r is the
correlation and n is the total sample size:

Vr =
1− r2ð Þ2
n− 1

: (15)

For studies that reported beta coefficients from a multiple lin-
ear regression model that included continuous exposure and out-
come variables (continuous beta coefficient), partial correlations
(rp) and the variances of rp (Vrp ) were calculated according to
Equations 16 and 17,64 where df is the degrees of freedom equal
to n− p− 1. Partial correlations describe the magnitude of an
effect after controlling for the influence of other variables
included in a model64:

rp =
tffiffiffiffiffiffiffiffiffiffiffiffiffi

t2 + df
p , ð16Þ

Vrp =
ð1− rp2Þ2

df
: ð17Þ

In Equation 16, t is the t-statistic of the continuous beta coeffi-
cient bExposure (i.e., the test of null hypothesis that bExposure =0),
df is the degrees of freedom, calculated as df = n− p− 1, where
p is the number of predictors included in the model. t was calcu-
lated as either the absolute value of the continuous beta coeffi-
cient (bExposure) divided by its standard error ðSEbExposureÞ, so that
tbExposure = bExposure=SEbExposure , or from the t distribution table, so
that t= tinvðP, df Þ, where P is the exact p-value of the effect esti-
mate and df is the degrees of freedom (n− p− 1).64

Studies reported continuous beta coefficients on both the raw
and log scales. Because it is not recommended to pool log and
raw scale data in the same meta-analysis,61 methods presented by
Rodríguez-Barranca et al.65 were applied to homogenized log
scale linear beta coefficients prior to calculating rp and Vrp .
Continuous beta coefficients were homogenized to represent an
absolute (raw scale) change in sperm concentration for every 1-
unit increase in exposure as measured by the study using a

downloadable Excel spreadsheet embedded with various formu-
las provided by the study authors.65 This was done for two stud-
ies included in the meta-analysis.66,67 Arithmetic mean exposure
and outcome levels for the total study sample were needed to ho-
mogenize beta coefficients, but these values were not directly
reported; missing arithmetic mean values were imputed with ei-
ther the average of the arithmetic mean values across groups66 or
geometric mean values.67 After homogenization, rp and Vrp were
calculated according to Equations 16 and 17 based on the t-statis-
tic associated with the homogenized continuous beta coefficient.

Hedges’ g bias correction. The bias-adjusted standardized
mean difference (Hedges’ g) was calculated by multiplying the
standardized mean difference (d), which has a slight bias, by a
correction factor [J(df)] calculated according to Equation 18,47,51
so that g= d× Jðdf Þ. The correction factor is a function of the
degrees of freedom (df), where df = n− p− 1,51 n is the total
sample size, and p is the number of predictors included in the sta-
tistical model:

J dfð Þ=1−
3

4df − 1

� �
: (18)

The variance of g (Vg) was calculated by multiplying the
variance of d by the square of the correction factor, so that
Vg =Vd × ½Jðdf Þ�2,47,51 and the standard error of g (SEg) was
calculated by taking the square root of Vg so that SEg =

ffiffiffiffiffi
Vg

p
.47

It should be noted that unadjusted and adjusted values were used
to calculate Hedges’ g in the above equations, leading to a combina-
tion of bivariate and partial effect sizes included in the meta-analysis.
Although not all possible covariateswere assessed, the impact of con-
trolling for two key confounders, age and smoking, was explored in a
sensitivity analysis. Moreover, in some cases, the formulas47 used to
transform ORs and correlations to standardized mean differences
were applied to partial effect sizes, such as adjusted ORs or partial
correlation coefficients derived from regression models. To our
knowledge, the use of these formulas on partial effect sizes has not
yet been validated in the literature. Transformed effect sizes were
removed in a sensitivity analysis to examine the potential impact of
these exploratory statistical transformations.

Study results data, including log to raw scale back-transformations
and beta coefficient homogenization (sheet 2), as well as the R code
used to calculate Hedges’ g effect sizes are available on GitHub
(https://github.com/Lauren-Ellis/Ellis-et-al.-2023-OP-NMC-
Insecticides-and-Sperm-Concentration). The R code can also
be found at the end of the Supplemental Material file, “R Code.”

Statistical analysis. Meta-analytical model. Meta-analyses
were performed using R statistical software (version 4.2.2;
R Development Core Team) packages metafor (version 3.8.1),68
clubSandwich (version 0.5.8),69 and dmetar (version 0.0.9000).70
For all meta-analyses, a three-level, multivariate random-effect
model71 with cluster-robust variance estimation was employed to
account for both hierarchical and correlational dependencies in the
effect size data.72–74 Weights were calculated using the generic
inverse variance method.75 The meta-analysis R code is available
in the Supplemental Material file (“R Code”) as well as on GitHub
(https://github.com/Lauren-Ellis/Ellis-et-al.-2023-OP-NMC-
Insecticides-and-Sperm-Concentration).

Effect sizes were nested under their respective study popula-
tions for meta-analysis. The review team assumed a strong corre-
lation (r=0:8) between dependent effect sizes originating from,
and nested under, fully or partially overlapping study participants
(the study population cluster). A cluster-robust variance estimator
(robust to the assumed correlation between dependent effect sizes
within the same cluster) with bias-reduced linearization small-
sample adjustment based on Satterthwaite approximated degrees
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of freedom was employed to reduce the chance of a Type I error
in hypothesis testing.76–79 A Satterthwaite-adjusted p-value
(PSatt) of ≤0:05 was considered statistically significant.

Heterogeneity point estimates (s2) were estimated using re-
stricted maximum likelihood estimation (REML)75,80 for each of
the three levels of random-effects in the model: a) sampling error,
b) within-cluster heterogeneity, and c) between-cluster heteroge-
neity.81 Statistical significance of heterogeneity beyond sampling
error was tested using the Q-test statistic based on a chi-square
distribution.82,83 Corresponding I2 statistics were calculated
using the var.comp function available in dmetar,70 representing
the proportion of total heterogeneity that can be attributed to each
level of random effect.84

REML heterogeneity point estimates (s2) are known to be
imprecise when the number of studies included in the meta-
analysis is small (<10 studies), or when the sample sizes of the
included studies are small.80 Therefore, sensitivity analyses fixing
heterogeneity values to the upper- and lower-bounds of their Q-
profile CI85 were performed to assess the impact of the heteroge-
neity estimate value on the pooled effect estimate.

Primary meta-analysis. A primary meta-analysis was per-
formed across all eligible studies and effect sizes. Effect sizes
were considered outliers if they fell outside of Tukey’s fences86
(defined as 1.5 times the lower and upper bounds of the interquar-
tile range) and influential if their Cook’s distance was at least
three times the mean Cook’s distance across included studies.87

Cook’s distance estimates represent the scaled change in fitted
values resulting from the removal of each study (or other unit of
analysis) from the model fitting.87 Further, a prediction interval
around the primary pooled effect estimate was calculated to
examine where the true effects would be expected for 95% of
similar studies that may be performed in the future.75,88,89

Secondary meta-analyses. A series of secondary meta-
analyses were performed to assess the robustness of the meta-
analysis findings. Specifically, data sensitivity analyses were per-
formed to assess the impact of outlier and influential effect sizes,
meta-analytic model parameters, statistical imputations, and statisti-
cal transformations. Moderator sensitivity analyses were also per-
formed to assess the impact of risk of bias and potential effect
modifiers, including coexposures to other chemicals, medical risk
factors, and abstinence time. We considered these factors to be
potential effect modifiers rather than confounders based on a lack of
evidence that these factors lead to higher insecticide exposure.
Finally, moderator subgroup analyses were performed to explore
potential sources of heterogeneity and to test the hypothesis that the
pooled effect estimate significantly differs by the following sub-
groups: insecticide class (OP, NMC, mixture), exposure setting
(occupational, environmental), recruitment setting (general popula-
tion, infertility clinic), and continent (Asia, North America, South
America, Europe). Subgroup analysis was conducted rather than
meta-regression based on the assumption that heterogeneity varies
between subgroups.90

A given meta-analysis was considered to have sufficient sta-
tistical power if there was at least 4 degrees of freedom after
Satterthwaite-adjustment (dfSatt > 4), as the probability of a
Type I error can be substantially larger than the significance
level (a=0:05) below this cutoff.79 For subgroup analyses in
which both subgroups were sufficiently powered and statisti-
cally independent, the review team planned to compare the
pooled effect estimates of each subgroup using a fixed-effect
meta-regression model and an F-test with separate heterogene-
ity estimates.90,91

Publication bias. A modified Egger’s meta-regression test92

using cluster-robust variance estimation was used to examine the
impact of study precision on study-reported effect sizes (small-

study effects), a known source of publication bias.93 A sample
size-based precision estimate (1=

ffiffiffi
n

p
) was assessed as the predic-

tor rather than the standard error to avoid known distortions in
funnel plot assessments of standardized mean differences and
standard errors.94 Statistical adjustments for publication bias
were not performed because methods such as trim and fill are not
yet available for multivariate meta-analyses.95 It should be noted
that meta-regression tests for small-study effects have limited sta-
tistical power and account for only one potential source of publi-
cation bias, requiring cautious interpretation.93

Rating the Quality and Strength of Evidence across Studies
The quality of the overall body of evidence was rated as high, mod-
erate, or low. An initial quality rating of moderate was assumed,
consistent with the Navigation Guide’s approach to observational
human evidence.38 The review team considered whether to down-
grade the quality of evidence one or two levels according to five fac-
tors: a) risk of bias across studies, b) indirectness, c) inconsistency,
d) imprecision, and e) publication bias.39,43 The review teamconsid-
ered whether to upgrade the quality of evidence one or two levels
according to three factors: a) large magnitude of effect, b) dose–
response, and c) confounding minimizes effect.39,43 Table S9
presents specific considerations for each of these quality factors.

Strength of evidence of an association between adult OP and
NMC insecticide exposure and sperm concentration was deter-
mined according to four factors: a) quality of the body of evidence,
b) direction of the pooled effect estimate, c) confidence in the
pooled effect estimate, and d) other compelling attributes of the
data that may influence certainty. Table S10 presents specific con-
siderations for each of these strength factors. The Navigation
Guide strength of evidence definitions38,39,43 (Table S11) are based
on categories used by the International Agency for Research on
Cancer,96 the U.S. Preventive Services Task Force,97 and U.S.
Environmental Protection Agency98,99 and reflect the level of cer-
tainty in the overall toxicity of adult OP and NMC insecticide ex-
posure on sperm concentration.

Two review authors (L.B.E. and K.M.) independently rated the
quality and strength of evidence and resolved discrepancies through
discussion. The full review team then met to review, discuss, and
finalize the quality and strength of evidence ratings and rationales.
Individual and collective rating rationales were recorded throughout
the deliberation process. Final ratings and rationales are presented in
tabular format.

Results

Study Selection
Of the 3,827 records retrieved in the literature search, 325 reports
were sought for retrieval (Figure 1). All reports sought for re-
trieval and their corresponding screening results are provided in
Excel Table S1. 23 reports were inaccessible, largely owing to a
lack of digitization of studies conducted prior to the year 2000.
Of the 302 accessible reports assessed for eligibility, 27 reports
were included in the systematic review,53–60,62,63,66,67,100–114 rep-
resenting 25 unique studies.

Padungtod et al.57,58 and Lin et al.54 were treated as three
reports on the same study based on identical analyses and were
combined as a single study prior to data extraction. In contrast,
Perry et al.62,109 were treated as two separate studies on the same
study population based on differences in the exposure assess-
ment. Whorton et al.112 and Wyrobek et al.59 were also treated as
two separate studies on the same study population based on dif-
ferences in the control groups. Separate studies on the same study
population were not combined prior to data extraction but, rather,
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nested under their respective study populations for meta-analysis.
Padungtod et al.107 reported separate results for three study popu-
lations based on genotype and Swan et al.66 reported separate
results for two study populations based on geography.

Study Characteristics
Summary statistics for selected characteristics of included
studies are reported in Table 1. More detailed study character-
istics are presented in Table 2 and the complete set of
extracted study characteristics with notes is available in Excel
Table S2. Of the 25 studies included in this review, 21 studies
were cross-sectional,53–60,62,63,67,100–108,112–114 2 were case-control,66,109

and 2 were cohort by design.110,111 Included studies were carried out all
over the globe, with about one-third of them performed in Asia
(China,54,57,58,62,63,107,109,113 India,104 Iran,101Malaysia102).The remain-
ing studies were conducted in North America (Mexico,108,110,111

United States59,66,105,112), South America (Brazil,100 Guadeloupe,56

Peru,60,114 Venezuela55,106), and Europe (Denmark,103 Poland,53

Spain67).
Over half (60%) of the studies included in this review examined ex-

posure to OP insecticides only.54,57,58,60,62,66,67,100–102,104,107–111,114

Four studies examined exposure to NMC insecticides only, specifi-
cally carbaryl.59,63,112,113 In addition, three studies examined expo-
sure to a mixture of OP and NMC insecticides, defined by exposure
to parent insecticides in both classes56 or cholinesterase monitor-
ing.55,106 The remaining three studies examined exposures to both
OP and NMC insecticides, performing separate analyses to assess
each class in isolation.53,103,105

More studies assessed occupational exposures
(72%)54–60,63,100–102,104,106–108,110–114 than environmental
exposures (28%).53,62,66,67,103,105,109 Biomonitoring of insecti-
cide metabolites (44%)53,54,57,58,62,66,67,104,105,109–111,114 and
proxy methods (i.e., job exposure matrix,108 food frequency
questionnaire,103 environmental monitoring including dermal
residue measurements,59,63,107,112,113 and cholinesterase moni-
toring55,100,101,106) (44%) were the most commonly applied ex-
posure assessment methods across the included studies; self-
report exposure assessment methods were the least common
(12%).56,60,102 More studies recruited participants from
population-based settings (84%)54–60,62,63,66,100–103,106–114 than
infertility clinic-based settings (16%).53,67,104,105 See Table 2
for more detailed recruitment and exposure characteristics of
included studies.

Less than half (44%) of the included studies accounted
for abstinence time,53,54,56–58,66,67,103,105,108–111 whereas the
majority (76%) of studies accounted for medical risk factors
for low sperm concentration53–59,66,67,100–107,109–111,113 regard-
less of recruitment setting. Most studies (68%) accounted
for known or measured coexposures to other reproductive
toxicants.53–60,67,101,102,104,105,107–109,112–114

Risk of Bias
Risk of bias assessment ratings and rationales across all domains
for each study are presented in Excel Table S3. A significant
degree of risk of bias was present in the recruitment strategy,
blinding, and exposure assessment domains (Figure 2A). These
trends remained consistent after stratifying studies by meta-
analysis inclusion status (Figure 2B).

Four studies were considered to have a high risk of recruitment
strategy bias60,102,103,114 based on likely or known differences in
exposure or outcome between participants and nonparticipants.
Eleven studies were considered to have a probably high risk
of blinding bias55,60,63,67,100,101,104,106,108,111,112 based on lack
of reporting on whether investigators were blind to exposure

and outcome status. Three studies were considered to have high
risk of exposure assessment bias56,60,102 based on their reliance
on self-report exposure assessment methods, whereas 11 stud-
ies were considered to have probably high risk of exposure
assessment bias55,59,63,100,101,103,106–108,112,113 owing to reli-
ance on proxy exposure assessment methods. The remaining
11 biomonitoring studies were determined to have either
probably low53,54,57,58,62,66,67,104,105,109,114 or low110,111 risk
of exposure assessment bias, depending on whether temporal
variability could be established.

The review team considered Whorton et al.112 and Wyrobek
et al.59 to have a high risk of outcome assessment bias. In both
studies, which analyzed the same group of exposed men, semen
samples were collected off-site (at home) and not necessarily
delivered to the lab within 2 h, in contradiction to the methods
outlined in the WHO semen analysis manual.11 It is worth noting
that these studies were conducted prior to the large-scale adoption
of the WHO semen manual, originally published in 1980.

Whorton et al.112 and Wyrobek et al.59 were also considered to
have ahigh riskof conflict of interest basedonaffiliationswith andcon-
tributions from employees of Union Carbide Corporation, who manu-
factured carbaryl and other carbamate pesticides at the time the studies

Table 1. Summary statistics of included studies on adult organophosphate
(OP) and N-methyl carbamate (NMC) insecticide exposure and sperm
concentration.

Study characteristic Studies [n (%)]

Total 25 (100)
Study design
Cross-sectional 21 (84)
Case-control 2 (8)
Cohort 2 (8)

Continenta

Asia 9 (36)
North America 7 (28)
South America 6 (24)
Europe 3 (12)

Insecticide class
OP 15 (60)
NMC 4 (16)
OP, NMCb 3 (12)
OP and NMCc 3 (12)

Exposure setting
Occupational 18 (72)
Environmental 7 (28)

Exposure assessment method
Biomonitoring 11 (44)
Proxy 11 (44)
Self-report 3 (12)

Recruitment setting
Population 21 (84)
Infertility clinic 4 (16)

Accounted for abstinence time
Yes 11 (44)
No 14 (56)

Accounted for medical risk factors
Yes 19 (76)
No 6 (24)

Accounted for known or measured coexposures
Yes 17 (68)
No 8 (32)

Note: See Excel Table S2 for the complete set of extracted data and related notes for all
studies included in this review.
aCountries and regions represented on each continent: Asia (China, India, Iran,
Malaysia), North America (Mexico, United States), South America (Brazil, Guadeloupe,
Peru, Venezuela), and Europe (Denmark, Poland, Spain).
b“OP, NMC” refers to studies that assessed and reported results on OPs and NMCs sepa-
rately and in isolation from one another; studies with this tag contributed to the separate
OP and NMC subgroup meta-analyses.
c“OP and NMC” refers to studies that assessed and reported results on exposure to a
mixture of OPs and NMCs or cholinesterase activity.
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were conducted.115 In addition, Multigner et al.56 received a high risk
of conflict of interest rating because it was funded in part by an unre-
stricted grant from the French Crop Protection Association, an agricul-
tural lobbying group (http://www.agropages.com/CompanyDirectory/
Detail-9232.htm).

Meta-Analysis Screening
Five studies were excluded from the meta-analysis (Figure 1;
Excel Table S2). Three studies were excluded because they did
not report effect sizes that could be back-transformed to the raw
scale.100,110,114 Two studies were excluded owing to the inabil-
ity to back-transform results in addition to selective outcome
reporting.103,111

Of the 20 studies included in the primary meta-
analysis53–60,62,63,66,67,101,102,104–109,112,113 (Figure 1; Excel
Table S2), 13 studies reported results in the mean difference
index53–60,62,63,101,102,106,107,113 (Excel Table S2). Hedges’ g
effect sizes were directly calculated from mean difference data.
The remaining study-reported results were transformed from
either an unadjusted112 or adjusted odds ratio105,109 or a bivari-
ate104 or partial correlation coefficient66,67,108 to standardized
mean difference before converting to the bias-adjusted Hedges’ g.
Of the 12 authors or groups of authors contacted to retrieve data
needed for meta-analysis, 1 author provided a previously inaccessi-
ble full-text article63 and 3 authors responded that they no longer
had access to the study data.56,67,110 The remaining authors either
could not be contacted owing to a lack of current contact informa-
tion, did not respond to the inquiry, or were otherwise unable to
provide the data requested.

Summary of Meta-Analysis Results
Primary meta-analysis results.Across 20 studies, 21 study popu-
lations, 42 effect sizes, and 1,774 adult men, the pooled bias-
corrected standardized mean difference (GPooled) in sperm con-
centration between men more- and less-exposed to OP and NMC
insecticides was −0:30 (95% CI: −0:49, −0:10; PSatt < 0:01)
(Table 3). A forest plot of study-specific Hedges’ g effect sizes
included in the primary meta-analysis, as well as their respec-
tive weights, is presented in Figure 3; an interactive version is
available on Tableau Public (https://public.tableau.com/app/
profile/lauren.ellis3833/viz/Ellisetal_2023ForestPlot_16952586826050/
ForestPlot).

The prediction interval around the primary pooled effect esti-
mate ranged from −0:95 to 0.36. This represents the expected
range of results from future studies similar to those included in
this review.

Sensitivity meta-analyses results. Removal of outlier and in-
fluential effect sizes from the primary meta-analysis did not
impact the statistical significance of the observed association
between higher OP and NMC insecticide exposure and lower
sperm concertation (Excel Table S4). The primary pooled effect
estimate was also robust to changing model parameters (the
assumed correlation between dependent effect sizes and the het-
erogeneity estimate) as well as data manipulations (imputations
of missing data, log to raw scale back-transformations, and
effect size transformations) (Excel Table S4). However, fixing
heterogeneity estimates at the lower-bounds of their Q-profile
confidence intervals rendered the pooled effect estimate statisti-
cally insignificant (PSatt = 0:07).

The removal of studies with high or probably high risk of
bias in three domains (recruitment strategy, exposure assessment,
and confounding) reduced the magnitude of the negative pooled
effect estimate, whereas the removal of studies with high
or probably high risk of bias in the other domains (blinding,T
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outcome assessment, selective outcome reporting, and conflict
of interest) increased the magnitude of the negative pooled
effect estimate (Table 3). The negative pooled effect estimate
remained statistically significant across most of the risk of bias
sensitivity analyses, except for the recruitment strategy and ex-
posure assessment domains. Notably, the pooled effect estimate
across studies that controlled for two key confounders (age and
smoking)53–60,63,66,67,100,102,105,107–111,113 (GPooled = − 0:27; 95%
CI: −0:48, −0:06; PSatt = 0:01) proved similar to the primary meta-
analysis result. The impact of risk of bias from incomplete outcome
data was not statistically analyzed because the domain was only ap-
plicable to three studies.66,110,111

Regarding the effect modifier sensitivity meta-analyses, account-
ing for coexposures to other reproductive toxicants and medical risk
factors for low sperm concentration increased the magnitude of the
negative pooled effect estimate, which remained statistically signifi-
cant (Table 3). In contrast, accounting for abstinence time reduced
the magnitude of the negative pooled effect estimate, which was no
longer statistically significant (Table 3). The lack of a statistically
significant finding across studies that accounted for abstinence time
(PSatt = 0:18) should be interpreted with caution, given that the sub-
groupmeta-analysis had limited statistical power (dfSatt < 4).

The pooled effect estimate remained negative in direction
across the six studies that controlled for confounders (age and

Figure 2. Summary of risk of bias assessment ratings (A) across all included studies on adult organophosphate (OP) andN-methyl carbamate (NMC) insecticide ex-
posure and sperm concentration and (B) for each study, stratified by meta-analysis inclusion status. The summary-level risk of bias horizontal bar chart (A) shows
the cumulative frequency of each risk of bias rating option for each domain. Study is defined by the first author’s last name and publication year followed by the num-
bered citation in superscript. See Excel Table S3 for the study-specific risk of bias assessment ratings and rationales used to generate this figure.
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smoking) and effect modifiers (coexposures to other reproductive
toxicants, abstinence time, and medical risk factors for low sperm
concentration),53,54,56–58,67,105,109 although it was reduced in mag-
nitude and no longer statistically significant (GPooled = − 0:09;
95% CI: −0:36, 0.18; PSatt = 0:25). The lack of statistical signifi-
cance could be due to limited power (dfSatt = 1:68). For this meta-
analysis, overall heterogeneity beyond sampling error was statis-
tically significant (QH, p<0:01); 0% of overall heterogeneity
was attributable to between-study population differences,
whereas 37% was attributable to within-study population differ-
ences such as different exposure definitions assigned to the same
study participants.

Subgroup meta-analyses results. All of the examined sub-
groupmoderators—insecticide class, exposure setting, recruitment
setting, and continent—substantiallymodified the observed pooled
effect estimate (Table 3). Owing to limited statistical power of the
examined subgroups, the pooled effect estimates for each of the
subgroup analyses were not statistically compared. The discrepan-
cies discussed below are observational in nature.

The negative pooled effect estimate across OP insecticide expo-
sure studieswas double themagnitude of that for NMC insecticide ex-
posure studies (GPooled = − 0:32; 95%CI:−0:59,−0:06;PSatt = 0:02
vs. GPooled = − 0:16; 95% CI: −0:60, 0.28; PSatt = 0:36) (Table 3).

Although the negative pooled effect estimate across NMC studies
was not statistically significant, this may be explained by the fact that
the subgroup had limited statistical power (dfSatt < 4). Notably, the
negative pooled effect estimate across studies that assessed exposure
to a mixture of OP and NMC insecticides demonstrated the largest
pooled magnitude of effect among all meta-analyses performed
(GPooled = − 0:50; 95% CI: −1:34, 0.35; PSatt = 0:13), although this
subgroup of studies was also likely too small to detect a statistically
significant association (dfSatt < 4).

The negative pooled effect estimate across occupational ex-
posure studies was greater in magnitude than that of environ-
mental exposure studies (GPooled = − 0:43; 95% CI: −0:71,
−0:16; PSatt = 0:01 vs. GPooled = − 0:03; 95% CI: −0:31, 0.25;
PSatt = 0:75) (Table 3). Although a significant association
between higher OP and NMC insecticide exposure and lower
sperm concentration was not discovered across environmental
exposure studies, this subgroup meta-analysis lacked sufficient
statistical power to draw any firm conclusions (dfSatt < 4).

The negative pooled effect estimate across studies that
recruited adult men from infertility clinics was smaller in magni-
tude than that of studies that recruited adult men from population-
based settings (GPooled = − 0:14; 95% CI: −0:62, 0.33; PSatt = 0:27
vs. GPooled = − 0:30; 95%CI:−0:54,−0:07;PSatt = 0:02) (Table 3).

Table 3. Results from primary and moderator (sensitivity and subgroup) meta-analyses examining the relationship between adult organophosphate (OP) and
N-methyl carbamate (NMC) insecticide exposure and sperm concentration.

Category
Study populations
[n (effect sizes)] GPooled (cluster-robust 95% CI) dfSatt PSatt

Between-cluster
[s2 (I2, %)]

Within-cluster
[s2 (I2, %)]

QH
(p-value)

Total 21 (42) −0:30 (−0:49, −0:10) 16.94 <0:01 0.08 (63) 0.02 (19) <0:01
Risk of biasa

Blinding 13 (26) −0:31 (−0:60, −0:01) 10.19 0.04 0.11 (61) 0.05 (29) <0:01
Recruitment strategy 10 (26) −0:22 (−0:51, 0.07) 6.37 0.11 0.05 (59) 0.02 (21) <0:01
Exposure assessment 8 (25) −0:11 (−0:37, 0.15) 3.90 0.31 0.02 (32) 0.02 (39) <0:01
Confoundingb 18 (35) −0:27 (−0:48, −0:06) 14.92 0.01 0.09 (77) 0.01 (6) <0:01
Outcome assessment 20 (40) −0:31 (−0:51, −0:10) 16.35 0.01 0.09 (70) 0.02 (13) <0:01
Selective outcome reporting 18 (39) −0:35 (−0:58, −0:13) 14.66 <0:01 0.11 (69) 0.02 (16) <0:01
Conflict of interest 19 (39) −0:31 (−0:53, −0:09) 15.63 0.01 0.11 (73) 0.02 (12) <0:01
Effect modifiers accounted forc

Abstinence time 9 (24) −0:09 (−0:27, 0.10) 1.95 0.18 0.00 (0) 0.01 (31) <0:01
Medical risk factors 18 (33) −0:37 (−0:59, −0:15) 14.46 <0:01 0.10 (79) 0.01 (6) <0:01
Coexposures 17 (34) −0:37 (−0:60, −0:13) 13.85 0.01 0.12 (80) 0.01 (7) <0:01
Insecticide class
OPd 15 (30) −0:32 (−0:59, −0:06) 11.97 0.02 0.12 (80) 0.01 (8) <0:01
NMCe 5 (9) −0:16 (−0:60, 0.28) 3.63 0.36 0.04 (30) 0.02 (17) 0.04
OP and NMCf 3 (3) −0:50 (−1:34, 0.35) 1.97 0.13 0.03 (28) 0.03 (28) 0.11
Exposure setting
Occupational 15 (19) −0:43 (−0:71, −0:16) 12.60 0.01 0.12 (51) 0.02 (11) <0:01
Environmental 6 (23) −0:03 (−0:31, 0.25) 2.43 0.75 0.00 (12) 0.02 (50) <0:01
Recruitment setting
Population 17 (29) −0:30 (−0:54, −0:07) 13.81 0.02 0.08 (49) 0.06 (38) <0:01
Infertility clinic 4 (13) −0:14 (−0:62, 0.33) 1.57 0.27 0.00 (0) 0.01 (18) <0:01
Continentg

Asia 10 (20) −0:48 (−0:95, 0.00) 8.01 0.05 0.24 (77) 0.06 (18) <0:01
North America 5 (10) −0:20 (−0:56, 0.16) 3.78 0.20 0.00 (0) 0.02 (21) 0.06
South America 4 (4) −0:37 (−0:96, 0.22) 2.98 0.14 0.04 (32) 0.04 (32) 0.05
Europe 2 (8) −0:07 (−0:14, 0.01) 1.00 0.05 0.00 (0) 0.01 (23) 0.01

Note: The pooled Hedges’ g (GPooled) represents the bias-adjusted standardized mean difference in sperm concentration between adult men more- and less-exposed to OP and NMC insecti-
cides pooled across studies included in a given meta-analysis. The review team assumed a strong correlation (r=0:8) between dependent effect sizes originating from, or nested under,
fully or partially overlapping study participants (the study population “cluster”). A cluster-robust variance estimator (robust to the assumed correlation between dependent effect sizes
within the same cluster) with bias-reduced linearization small-sample adjustment based on Satterthwaite approximated degrees of freedom (dfSatt) was employed. A Satterthwaite-adjusted
p-value (PSatt) of ≤0:05 was considered statistically significant. Heterogeneity point estimates (s2) were estimated using restricted maximum likelihood estimation (REML) for each level
of random effect. Statistical significance of heterogeneity was tested using the Q-test statistic (QH) based on a chi-square distribution. Corresponding I2 statistics represent the proportion
of total heterogeneity that can be attributed to each level of random effect. CI, confidence interval; df, degrees of freedom; PSatt, Satterthwaite-adjusted p-value.
aRemoved studies with high or probably high risk of bias in each domain.
bRemoved studies with high risk of confounding bias, defined as studies that did not account for both age and smoking.
cRemoved studies that did not account for each effect potential modifier. “Coexposures” refer to known or measured exposures to other reproductive toxicants (besides OPs and
NMCs) that may impact sperm concentration.
dIncluded studies that examined exposure to OP insecticides in isolation, regardless of whether other exposures were assessed in the study.
eIncluded studies that examined exposure to NMC insecticides in isolation, regardless of whether other exposures were assessed in the study.
fIncluded studies that examined exposure to a mixture of OP and NMC insecticides.
gCountries and regions represented on each continent: Asia (China, India, Iran, Malaysia), North America (Mexico, United States), South America (Brazil, Guadeloupe, Peru,
Venezuela), and Europe (Denmark, Poland, Spain).
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Like many of the other subgroups analyzed, the infertility clinic
recruitment setting subgroup was insufficiently powered to detect a
significant association (dfSatt < 4).

Pooled effect estimates were consistently negative in direction
across continents but differed in magnitude and statistical signifi-
cance (Table 3). TheAsian study subgroup showed the largest neg-
ative pooled effect estimate (GPooled = − 0:48; 95% CI: −0:95,
0.00; PSatt = 0:05) and was the only geographic subgroup large
enough to detect a statistically significant association (dfSatt > 4).
The European study subgroup showed the smallest negative
pooled effect estimate (GPooled = − 0:07; 95% CI: −0:14, 0.01;
PSatt = 0:05), which reached statistical significance despite lim-
ited sample size.

Heterogeneity findings. The performed moderator sensitivity
and subgroup meta-analyses did not sufficiently explain the esti-
mated heterogeneity, or inconsistency in study results beyond sam-
pling error (Table 3). Significant heterogeneity in study results
beyond sampling error (QH, p≤ 0:05) was apparent in all meta-
analyses except for the OP and NMC insecticide subgroup (QH,
p=0:11) and theNorthAmerican subgroup (QH, p=0:06).

Certain subgroups showed no heterogeneity attributable
to between-study population variation, including studies that
accounted for abstinence time, studies that recruited men from
infertility clinics, studies that controlled for confounders and

effect modifiers, as well as studies conducted in North America and
Europe (Table 3). These results indicate that differences in these
variables between study populations may help explain at least
some of the heterogeneity seen across the meta-analyses performed
in this review.

Publication bias results. The review team did not find evi-
dence of an association between-study precision (1=

ffiffiffi
n

p
) and

effect size (PSatt = 0:31), ruling out small-study effects. It is possi-
ble that some degree of publication bias remains because small-
study effects are only one source of publication bias. Moreover,
one of the inaccessible reports identified in the systematic litera-
ture search relates to OP exposure and semen quality and could
therefore be relevant to the results of this review; however, the
abstract and report were unavailable.116

Summary of Results Excluded from the Meta-Analysis
Three OP occupational biomonitoring studies were excluded
from the meta-analysis owing to the inability to back-transform
relevant results to the raw scale,110,114 in addition to selective
outcome reporting.111 All three studies found statistically insig-
nificant associations between urinary dialkyl phosphate (DAP)
metabolites in adult male farmers and sperm concentration.
Despite not reaching levels of statistical significance, which may

Figure 3. Forest plot of study-specific estimates of the bias-adjusted standardized mean difference in sperm concentration between adults more- and less-
exposed to organophosphate (OP) and N-methyl carbamate (NMC) insecticides (Hedges’ g effect sizes) included in the primary meta-analysis, stratified by ex-
posure setting. Study is defined by the first author’s last name and publication year followed by the numbered citation in brackets. “Parent” refers to the parent
insecticide compound, whereas “metabolite” refers to the breakdown product of a parent compound. Weights of each study included in the primary meta-analy-
sis were calculated using the generic inverse variance method. The extracted study results and R code used to calculate study-specific Hedges’ g effect sizes
and meta-analysis weights are available on GitHub. Estimated effect sizes were exported from R and imported into Tableau Public to generate this forest plot
visualization. An interactive version of this forest plot is available on Tableau Public. Note: 1N, 1-naphthol; DAP, dialkylphosphate; DEDTP, diethyldithio-
phosphate; DEP, diethylphosphate; DETP, diethylthiophosphate; DMDTP, dimethyldithiophosphate; DMP, dimethylphosphate; DMTP, dimethylthiophosphate;
IMPY, 2-isopropoxy-4-methyl-pyrimidinol; PNP, para-nitrophenol; ΣDAP, sum of dialkylphosphates; TCPY, 3,5,6-trichloropyridinol.
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be explained by limited sample size, two of these studies110,114

reported lower sperm concentration among those with higher OP
exposure, whereas the remaining study did not report the direc-
tion of effect.111

Two studies that used proxy exposure assessment methods to
measure OP and NMC insecticide exposure were also excluded
owing to the inability to back-transform relevant results to the raw
scale,100 in addition to selective outcome reporting.103 Similar to
the excluded biomonitoring studies, both studies found statistically
insignificant associations between OP and NMC insecticide expo-
sure and sperm concentration.

Most of the studies excluded from the meta-analysis accounted
for abstinence time and medical risk factors, but only one excluded
study114 was free of known or measured coexposures to other
reproductive toxicants. Risk of bias trends among studies excluded
from the meta-analysis were similar to the entire body of evidence,
with the recruitment strategy domain showing the greatest risk of
bias across studies excluded from themeta-analysis (Figure 2B).

In addition to the studies excluded from themeta-analysis, rele-
vant results for certain OP and NMC insecticide exposure defini-
tions from studies included in the meta-analysis could not be
quantified and were therefore excluded from the meta-analysis.
For example, three relevant exposure definitions (3,5,6-trichloro-
pyridinol, para-nitrophenol, and 1-naphthol) from Swan et al.66

were not reported quantitively and thus could not be included in the
meta-analysis. These unreported linear regression results (which
weremore adjusted than the odds ratio analysis results presented in
Table 4 of the study by Swan et al.66) are presumably insignifi-
cant, given that the study authors reported results for only the
five pesticides most associated with semen quality within
Missouri study participants; however, the direction of effect for
these metabolites is unclear. Moreover, it was not feasible to
back-transform the statistic for DEDTP reported in Melgarejo
et al.,67 which demonstrated an insignificant association with
lower sperm concentration. Finally, Lin et al.,54 which was
combined with Padungtod et al.57,58 as a single study prior to
analysis, analyzed the exposure and outcome data using two sta-
tistical models (maximum likelihood and working parameter),
the results of which were consistent with the extracted results
from the Padungtod et al.58 report, demonstrating an association
between occupational OP insecticide exposure and lower sperm
concentration.

Quality and Strength of Evidence
The overall quality of evidence of an association between higher
adult exposure to OP and NMC insecticides and lower sperm
concentration was neither upgraded nor downgraded from moder-
ate (Table 4). The overall strength of evidence was considered
sufficient based on a moderate quality of evidence, consistent
negative direction of effect across all sensitivity and subgroup
analyses, confidence in the overall pooled effect estimate, and
other compelling attributes such as statistical significance in
nearly all sufficiently powered meta-analyses (Table 4).

Discussion

Key Findings
Understanding how OP and NMC insecticides affect sperm concen-
tration is critical given their previously documented reproductive haz-
ards and that exposures are ubiquitous. To our knowledge, this
investigation is the most comprehensive systematic review on this
topic to date, and the first to use multilevel and multivariate meta-
analysis methods to quantitatively synthesize decades of epidemio-
logical literature and statistically explore sources of heterogeneity.

Based on the results of this investigation, the strength of evidence of
an association between higher adult OP and NMC insecticide expo-
sure and lower sperm concentration is sufficient enough to warrant
concern, particularly in light of observed downward trends in semen
quality.1–6 Health-protective policy and engineering solutions are
needed now to reduce exposures to OP and NMC insecticides and
prevent continuedmale reproductive harm.

Results from the insecticide class subgroup analysis suggest
that OP insecticides may present a greater risk to sperm concen-
tration than NMC insecticides. Although this finding may be the
result of the uniquely irreversible nature of OP cholinesterase in-
hibition,117 the limited number of NMC studies prevents drawing
any firm conclusions about whether NMCs are in fact safer than
OPs regarding effects on sperm concentration.

As expected, occupational exposures demonstrated a stronger
association with lower sperm concentration than environmental
exposures. This finding represents a dose–response relationship
given that workers exposed in occupational settings generally ex-
perience higher exposures than the general population.118 It
should be noted that the pooled effect estimate across environ-
mental exposure studies was small and statistically insignificant,
which may be related to the limited number of available environ-
mental exposure studies. Nonetheless, given widespread exposure
to these chemicals in the environment,27 even a small magnitude
of effect could have consequential impacts on sperm concentra-
tion at a population level.

Significant heterogeneity, or variation in study results beyond
sampling error, was apparent across most sensitivity and subgroup
meta-analyses performed. This was expected given the biological
variability of the outcome, as well as the diverse study designs and
exposure scenarios included in this review.Moreover, high statisti-
cal heterogeneity is more frequent in meta-analysis of continuous
outcomes compared to that of binary outcomes.119 Including all
types of study designs and relying on author-determined groupings
could explain some of this heterogeneity, given that there were dif-
ferences in how different study authors recruited men into their
study, measured exposure, and defined exposure groups. The mag-
nitude of the REML heterogeneity point estimates should be inter-
preted with caution because they can be imprecise when the
number of studies (i.e., <10 studies) or when the sample sizes of
studies included in themeta-analysis are small.80

Context of Existing Literature
It is difficult to specify a single biological mechanism of effect
that explains the adverse associations observed in this compre-
hensive review because mechanistic and animal evidence indicate
there are many ways OP and NMC insecticides can harm sperm
concentration. Many OP and NMC insecticides have been shown
to directly interfere with hormone (e.g., androgen, estrogen)
receptors120 and damage cells in the testes through oxidative
stress and genotoxic pathways. It is also important to investigate
how cholinesterase-inhibiting insecticides may indirectly impact
spermatogenesis by altering levels of neurotransmitters, such as
acetylcholine in the brain, and disrupting the release of gonado-
tropins that directly influence sperm production.106,121–123

Although multiple pathways of effect are more likely than a
single mechanism, this investigation demonstrates a clear associ-
ation between higher adult OP and NMC insecticide exposure
and lower sperm concentration, building on earlier qualitative
reviews that have reached similar conclusions.33–36 The only
existing meta-analysis on OP pesticide exposure known to the
review team at the time of this study similarly found that sperm
concentration was significantly lower in more-exposed men.124
However, a limited number of studies were included in the meta-
analysis, and NMC insecticides were not considered. The present
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Table 4. Summary of the quality and strength of evidence of an association between adult organophosphate (OP) and N-methyl carbamate (NMC) insecticide
exposure and sperm concentration.

Evidence factor Rating Rationale

Quality of evidence factor
Downgrade
Risk of bias across studies 0 There was substantial risk of bias across included studies in three domains: recruitment strategy, blinding,

and exposure assessment (Figure 2). The most influential study in the meta-analysis, Hossain et al.,102

presented a similar pattern of bias, with high risk of bias in the recruitment strategy and exposure
assessment domains. Nevertheless, the pooled effect estimate remained negative in direction across all
risk of bias sensitivity analyses. Further, the removal of studies with high or probably high risk of bias
in the blinding, outcome assessment, selective outcome reporting, and conflict of interest domains
increased the magnitude of the pooled association between higher OP and NMC exposure and lower
sperm concentration (Table 3). Given these findings, the review team ruled out bias as the primary ex-
planation behind the observed association and thus did not downgrade the quality of evidence based on
risk of bias.

Indirectness 0 All studies included in the review directly assessed the relevant population (adult men), exposure (OP and
NMC insecticides), and outcome (sperm concentration) of interest. However, eight studies did not con-
trol for known or measured coexposures to other chemical reproductive toxicants.62,63,66,100,103,106,110,111
Nevertheless, removing studies with known or measured coexposures from the meta-analysis increased
the magnitude of the pooled association (Table 3). The review team therefore did not downgrade the
quality of evidence based on indirectness.

Inconsistency 0 Study-reported effect sizes were generally consistent across studies included in the review, although out-
lier and influential effect sizes were identified. Removing these effect sizes did not impact the signifi-
cance of the pooled association between higher OP and NMC exposure and lower sperm
concentration, although the magnitude of the association was reduced after removing outlier effects
(Excel Table S4). The primary meta-analysis indicated significant heterogeneity in study results
beyond sampling error (QH , p<0:01; I2 = 82%), which was not sufficiently explained by sensitivity
and subgroup meta-analyses (Table 3). However, the review team expected a high degree of heteroge-
neity and thus did not downgrade the quality of evidence based on inconsistency.

Imprecision 0 A combination of narrow and wide confidence intervals around effect sizes included in the meta-analysis
were observed through visual assessment of the forest plot (Figure 3). Those judged as wide62,107,113

could largely be explained by small sample size. Moreover, the confidence intervals around the pooled
effect estimates across primary and secondary meta-analyses were determined to be sufficiently nar-
row. Regarding the five studies excluded from the meta-analysis that did not find statistically signifi-
cant associations, this may also be explained by small sample size. Thus, the review team did not
downgrade the quality of evidence based on imprecision.

Publication bias 0 Study results were generally consistent, regardless of sample size or funding source. The statistical test
for small-study effects (cluster-robust modified Eggers’ regression test) demonstrated that study preci-
sion (1=

ffiffiffi
n

p
) was not related to study results (PSatt = 0:31). In addition, the comprehensive literature

search performed helps safeguard against residual publication bias. Thus, the review team did not
downgrade the quality of evidence based on publication bias.

Upgrade
Large magnitude of effect 0 Most of the pooled effect estimates from the primary and secondary meta-analyses were determined to be

moderate in magnitude. However, the pooled effect estimates for the combined OP and NMC insecticide
class (GPooled = − 0:50) and the occupational exposure setting (GPooled = − 0:43) subgroups were rather
large. Nevertheless, given the focus on OP and NMC insecticide exposure as a whole, the review team
determined the magnitude of effect was not large enough to warrant an upgrade in quality of evidence.

Dose response 0 Dose–response relationships were established in some but not all of the included studies that modeled ex-
posure continuously or in ordinal dose groups (Excel Table S2). The lack of a dose–response relation-
ship in certain studies may be the result of limitations in study methods, particularly related to
exposure assessment. Nonetheless, the exposure setting subgroup meta-analysis demonstrated a pooled
dose–response relationship, given that occupational exposure studies showed a greater magnitude of
association with lower sperm concentration than environmental exposure studies. Ultimately, the
review team did not judge the available dose–response evidence as compelling enough to upgrade the
quality of evidence.

Confounding minimizes
effect

0 Some studies reported an association despite the presence of residual confounding, biases, or effect modi-
fication, whereas others did not. Thus, the review team determined that an upgrade in quality of evi-
dence was not warranted.

Overall quality of evidence Moderate The quality of the body of evidence was neither downgraded nor upgraded from the initial rating of
human evidence as moderate.

Strength of evidence factor
Quality of body of evidence NA Moderate (see rationale above)
Direction of effect estimate NA An association between higher OP and NMC insecticide exposure and lower sperm concentration in

adults was observed across a wide range of moderator meta-analyses.
Confidence in effect estimate NA The prediction interval around the primary pooled effect estimate (−0:95 to 0.36) contains null and posi-

tive values, indicating that future studies may not find an association between higher OP and NMC ex-
posure and lower sperm concentration. However, the potential for a null future finding does not
indicate that the primary pooled effect estimate would become obsolete. Given the number of studies
included in the primary meta-analysis, it is reasonable to assume that the addition of a future influential
study would not impact the observed association between higher OP and NMC insecticide exposure
and lower sperm concentration. This assumption was verified by the fact that the addition of two rele-
vant studies published prior to 199159,112 that contributed insignificant findings to the meta-analysis
did not impact the negative direction or statistical significance of the pooled effect estimate.
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investigation expands on this meta-analysis by including more
studies, exploring both OP and NMC insecticides, and accounting
for hierarchical and correlational dependencies in the epidemio-
logical data.

Limitations
Limitations of the epidemiological literature reviewed here
include a) inconsistent reporting across studies and time periods,
b) missing data that could have informed the risk of bias assess-
ments or meta-analysis, and c) the predominantly cross-sectional
nature of the body of evidence, which makes causal inference
challenging at this time. Limitations of this systematic review
and meta-analysis include a) the exploratory nature of the statisti-
cal transformations of study-reported effect sizes to a common
index for quantitative synthesis (Hedges’ g), given that many of
the effect size transformation methods in the meta-analytical liter-
ature relate to bivariate results only; b) the pooling of bivariate
and multivariate effect sizes in the same meta-analysis; and c) the
lack of a registered protocol.

Multiple efforts were taken to address the limitations of this
systematic review and meta-analysis. These efforts include the fol-
lowing: a) the potential impact of the effect size transformations
was assessed via sensitivity analysis, which demonstrated that
effect size transformations did not impact the overall finding that
higher adult OP and NMC insecticide exposure is associated with
lower sperm concentration; b) despite concerns about pooling
unadjusted and adjusted results in the same meta-analysis, the
review team determined that the benefit of including studies
that controlled for key confounders outweighed the statistical
uncertainty introduced through the synthesis of results from
diverse models; and c) all adjustments made to the protocol dur-
ing the review were carefully recorded and made available to
the public.

Strengths
This systematic review and meta-analysis has several strengths.
These strengths include: a) a comprehensive literature search for
primary epidemiological studies published on or before 11
August 2022, with no statistical indication of publication bias, b)
inclusion of a wide range of study-reported results using existing
effect size transformation methods, c) data sensitivity analyses to
assess the robustness of the three-level, multivariate meta-
analytic model used to account for hierarchical and correlational
dependencies in study results data, d) statistical exploration of
heterogeneity through moderator sensitivity and subgroup meta-

analyses, and e) use of robust and reproducible systematic review
and meta-analysis methods.

Key Insights for Future Research
Based on the literature gaps identified in this review, future stud-
ies on OP and NMC insecticide exposure and sperm concentra-
tion should use prospective cohort study designs to capture
temporal variability in exposure, particularly at environmentally
relevant levels, and outcome. This would help to address causal
inference.125 Given the limited statistical power of the NMC
insecticide subgroup meta-analysis and the lack of existing cohort
studies, additional studies on NMC insecticide exposures should
be prioritized over OP insecticides. Still, the large magnitude of
effect observed across OP insecticide studies raises concerns
about the potential impact of glyphosate, a widely used system-
atic OP herbicide known to be a weak inhibitor of cholinester-
ase.126 To our knowledge, there are currently no observational
human studies on glyphosate and sperm concentration, represent-
ing a major gap in the literature.

The review authors recommend that additional studies focus
on whether NMCs are in fact safer than OPs in terms of impacts
on sperm concentration, as the results of this review suggest. The
answer to this question is essential to prevent regrettable substitu-
tion as OP insecticides are replaced with NMC alternatives devel-
oped, but not proven, to be safer to humans.117 More research is
also needed to explore whether other carbamate pesticide sub-
classes (thiocarbamates and dithiocarbamates) may cause similar
impacts on sperm concentration as NMCs, given their structural
and mechanistic similarities.127

Notably, exposure to a mixture of OP and NMC insecticides
showed the greatest magnitude of association with lower sperm
concentration across all meta-analyses performed in this investi-
gation, indicating a potential synergistic effect of combined expo-
sure to both classes of contemporary use insecticides. Additional
studies on the potential synergistic effects of OP and NMC insec-
ticides on sperm concentration would also be useful because peo-
ple can be exposed to both simultaneously.

Future studies should be careful to reduce bias in two
domains—recruitment strategy and exposure assessment—given
that these two domains had the greatest impact on the findings of
this investigation. Interestingly, in terms of exposure assessment,
insights from Sánchez-Peña et al.111 and Yucra et al.60,114 suggest
that biomonitoring exposure assessment methods may be less
sensitive in detecting an association between OP insecticide ex-
posure and sperm concentration, despite being judged as less-
biased than self-report or proxy exposure assessment methods.

Table 4. (Continued.)

Evidence factor Rating Rationale

Other compelling attributes
of the data that may influ-
ence certainty

NA All but one of the sufficiently powered (dfSatt > 4) meta-analyses performed in this review were statisti-
cally significant at PSatt ≤ 0:05 (Table 3).

Overall strength of evidence Sufficient This systematic review and meta-analysis found sufficient evidence of an association between higher
adult OP and NMC insecticide exposure and lower sperm concentration. The review team believes
with reasonable confidence that chance, bias, and confounding can be ruled out as an explanation for
the association. The available evidence includes results from one or more well-designed, well-con-
ducted studies, and the review team does not believe that the results of future studies would impact the
findings of this investigation.

Note: The pooled Hedges’ g (GPooled) represents the bias-adjusted standardized mean difference in sperm concentration between adult men more- and less-exposed to OP and NMC
insecticides pooled across studies included in a given meta-analysis. The review team assumed a strong correlation (r=0:8) between dependent effect sizes originating from, or
nested under, fully or partially overlapping study participants (the study population “cluster”). A cluster-robust variance estimator (robust to the assumed correlation between de-
pendent effect sizes within the same cluster) with bias-reduced linearization small-sample adjustment based on Satterthwaite approximated degrees of freedom (dfSatt) was
employed. A Satterthwaite-adjusted p-value (PSatt) of ≤0:05 was considered statistically significant. Heterogeneity point estimates (s2) were estimated using restricted maximum
likelihood estimation for each level of random effect. Statistical significance of heterogeneity was tested using the Q-test statistic (QH) based on a chi-square distribution.
Corresponding I2 statistics represent the proportion of total heterogeneity that can be attributed to each level of random effect. Detailed criteria and guiding questions used to assess
the quality and strength of evidence are presented in Table S9. Strength of evidence rating definitions for human evidence are presented in Table S11. NA, not applicable; PSatt ,
Satterthwaite-adjusted p-value.
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This may be a result of the nonpersistent nature of OP insecticide
metabolites.34,111,114 To further explore this issue, future studies
should consider employing self-report, proxy, and biomonitoring
exposure assessment methods to allow for within-study compari-
son of the sensitivity of each respective exposure assessment
method. Novel biomarkers of chronic exposure, such as OP hair
analysis methods,128,129 may also provide additional clarity mov-
ing forward. Moreover, standardizing exposure categories would
enable between-study exposure comparisons and reduce varia-
tions in how authors characterize OP and NMC insecticide
exposure.

Finally, the review team has several recommendations to
facilitate future quantitative syntheses of epidemiological evi-
dence. The review team encourages primary study authors to
report a) all results from planned analyses regardless of direction
of effect or statistical significance to avoid selective outcome
reporting bias, b) statistically transformed effect estimates on the
transformed and raw scale to enable synthesis of effect sizes on
the same scale, and c) R2

YZ statistics with all regression model
results to facilitate the conversion of beta coefficients to partial or
semi-partial effect sizes for use in meta-analysis.

Conclusion
This systematic review and meta-analysis concludes that primary
epidemiological studies published through 11 August 2022 dem-
onstrate sufficient evidence that higher adult male exposure to OP
and NMC insecticides is associated with lower sperm concentra-
tion. Mechanistic and animal evidence indicate that this associa-
tion may be causal, but the mainly cross-sectional nature of the
epidemiological literature makes causal inference challenging at
this time. Although additional cohort studies would be beneficial
to fill data gaps and address causal inference, action should be
taken now to reduce exposure to OP and NMC insecticides and
prevent continued reproductive harm.
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